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Reducing the amount of wastes deposited into the environment has become important. A fresh approach in doing
this is by recycling them. This paper investigated the physical and mechanical properties of cement bonded
particle boards from agricultural wastes. The particle boards were tested for their physical (density, water ab-
sorption and thickness swelling) and mechanical (modulus of elasticity and modulus of rupture) properties.
Scanning Electron Microscopy (SEM) analysis was carried out to determine the internal microstructure of the
boards. The results revealed that periwinkle shell and cement have a great influence on the density of the board,
cement and sawdust have a great influence on water absorption and thickness swelling, cement has a great in-
fluence on Modulus of Rupture & Modulus of Elasticity for all the combinations tested. The SEM photograph of
the cut surface of the boards showed good fibre matrix adhesion at mix ratio of 1:1.5 (cement/waste). At lower
fraction of cement matrix to waste ratio, the cement bonded particle board lost its adhesive force. It was
concluded that sawdust and periwinkle shells are suitable materials in the production of particle boards.1. Introduction
The increasing demand for timber utilization is regarded as a key
purpose for the high rate of deforestation which has a grave influence on
the environment thus resulting in global warming [1,2]. This has also
brought about unregulated felling of trees and over exploitation in
plantation and natural forests resulting in fresh interest in lesser known
timber species. Unfortunately, the need for wood products still surpasses
timber supply, leading to continuous felling of trees without replacement
[3]. The increasing demand for wood-based particleboards have resulted
in challenges on the continued availability and supply of raw materials to
these sectors in future. Yet, the necessity to minimize the reliance on
timber and forest resources has resulted in renewed interest for alternate
resources to replace timber raw materials in the manufacturing of par-
ticleboards [4–7].
Cultivated residues and non-wood plant fibres are alternate materials
that could be used as the balance between demand and supply in the
production of composite particleboards [8]. Several researches have beenu.ng (S.O. Odeyemi), abdulw
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the globe such as rice husks, wheat straws, palm kernel fibre, egg shell
and bagasse, since the need to lessen the over reliance on timber and
wood resources has stimulated attention on the use of agricultural wastes
in particleboard production [1,9–13].
Advancement in technology has further renewed the interest in the
use of agricultural and industrial wastes. This will boost waste utilization,
promote a cleaner environment and minimize production cost. It reduces
the burning of agricultural wastes to the minimum, thus mitigating
climate changes [14–16]. Many value-added products have been pro-
duced from agricultural and industrial wastes. These have removedmany
of the negative consequences caused by indecent dumping and burning of
wood residues as nuisance.
Particleboards are composites made of pieces of wood bonded
together. They are commonly used in producing cabinets, tabletops,
speakers, sliding doors, kitchen worktops, and furniture. Sundry factors
affect the features of the particleboards, foremost among them are fibre
structure of the wood, species of wood, size and type of particles,ahab.rasheed@kwasu.edu.ng (R. Abdulwahab), adeniyi.ag@unilorin.edu.ng
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Fig. 1. Agro-wastes used in the production of particle boards.
Table 1
Material composition of the particle board.
S/
N




% Volume of Periwinkle
Shell
1 A 40 40 20
2 B 40 30 30
3 C 40 20 40
4 D 30 35 35
5 E 30 25 45
6 F 30 45 25
7 G 25 25 50
8 H 25 50 25
9 I 25 37 38
Fig. 3. Water absorption and thickness swelling of particle boards.
S.O. Odeyemi et al. Results in Engineering 6 (2020) 100126hardness, density, compressibility and method of drying the particles.
Cement-bonded particleboards are being studied with the aim of using
various types of wood biomass, as the chemical compounds from wood
have a tendency to inhibit cement hydration [8]. Generally, for broader
ranges of applications, the regularly observed low-quality bonding be-
tween some wood species and cement due to the incompatibilities be-
tween the different materials is a challenge to be resolved. This gives
information on the physical (thickness swelling, water absorption, den-
sity) and mechanical (MOR and MOE) properties of particleboards.
Sawdust, an agro-waste material, is a by-product of wood, produced
from sawing of wood. Sawdust are tiny particles of wood that are ob-
tained from wood processing. They are usually considered as wastes that
cannot be utilized [17]. Sawdust finds little industrial applications and
are often discarded, thus, causing environmental problems. Large
amounts of sawdust are produced in Nigeria, in sawmills and wood-basedFig. 2. Density of particle boards.
2
industries. They constitute visual blight and pollute the immediate
environment. In solving this menace, saw millers’ often opt to burning
them [18]. Burning them produces smoke and carbon dioxide which are
harmful to human health and contribute to the depletion of the ozone
layer. However, sawdust can be beneficial in the manufacture of fuel
briquettes and particleboards [17].
Periwinkles are marine snails which are abundant in the riverineFig. 4. Modulus of elasticity and modulus of rupture of particle boards.
Fig. 5. Effect of material combination on density of particle board.
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in concrete as fine and coarse aggregates [19–22]. However, not much
has been done to check its usefulness in particle boards.
Design–Expert 10.0 is a statistical software package from Stat-Ease
Inc. designed to aid the design and explanation of multi-factor experi-
ments. The software analyzes the influence of the factors and their
relationship with other factors by varying their values in parallel. A
Response Surface Model (RSM) can be adopted to map out a design space
by means of a few numbers of experiments. This offers an estimation for
the value of responses for every conceivable combinations of the factors
by varying the values of all factors in parallel. The optimization feature
makes it possible to deduce the optimum operating parameters for a
process [23].
The aim of this research is to evaluate the properties of cement
bonded particle board produced from African balsam tree (Populous
Balsamiferous) and periwinkle shell residues and to determine the opti-
mum combination of these materials that would give the highest strength
using Design Expert 10.0.
2. Material and methods
2.1. Materials
The constituents of the particle boards produced in this research work
were ordinary Portland cement (OPC, Grade 42.5R, Fineness 2.5%,
Specific gravity 3.13, Consistency 28%, Initial and Final setting time of3
75 and 150 min respectively), sawdust, periwinkle shell, water, lubri-
cating oil, polyethylene bag and calcium chloride (CaCl2). The calcium
chloride (CaCl2) was used as an additive to accelerate the setting time of
the cement. Samples of the sawdust and ground periwinkle shell are
shown in Fig. 1.
2.2. Experimental procedure
The periwinkle shell utilized for this study was cleaned by removing
the impurities present in it and then sun dried for four (4) days. After-
wards, it was broken into tiny particle sizes with the use of a hammer
milling machine. The pretreatment of both the periwinkle shell and
sawdust particles was done by soaking them in hot water at 80 C and
thereafter, in cold water for 24 hours respectively for the full extraction
of some unwanted water soluble chemical substances like starch, com-
pounds of phenol and extracts of oil which may prevent the setting of
cement utilized as the binder in the formation of the boards. The treated
sawdust and periwinkle shell particles were sun dried again to a moisture
content (M.C.) of 9% before usage.
The weights of all the materials were varied to produce nine different
board samples as determined by the board mix ratio. The quantity of
chemical additive used was measured as a percentage weight of the
chemical to the weight of cement. The weight of water used was deter-
mined using Equation (1) [1] and weighed in a cylinder. Each of the
materials (cement, periwinkle shell and sawdust) measured were inser-
ted in polythene bags.
Fig. 6. Effect of material combination on WA of particle board for 2 h.
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Wt ¼Weight of waterðgÞ;Ct ¼ Weight of cementðgÞ;
MC ¼ Sawdust Moisture ContentðOven –Dry basisÞ%;W ¼ Weight sawdust
The material composition adopted in producing the cement bonded
particle boards is shown in Table 1. Some other factors that were kept
constant for all samples are: Additive concentration (CaCl2) ¼ 4% of
cement weight; Board thickness ¼ 5 mm; Moisture content ¼ 9%; Board
size ¼ 350 mm  350 mm  12 mm; Pressing pressure ¼ 1.21 N/mm2.
The quantities of cement (C), periwinkle shell (P) and sawdust (S)
were measured out into a bowl. The required volume of additive was
dissolved in the volume of water required and the mixture was thor-
oughly mixed. The water in which the chemical additive i.e. calcium
chloride (CaCl2) was dissolved was then added to the bowl containing
cement, periwinkle shell and sawdust and evenly mixed to result into a
lump free mix.4
2.2.1. Board formation
The wooden moulds had a uniform size of dimension 350 mm  350
mm x 12 mm and a cover of 20 mm. The cover was fabricated to fit
properly into the moulds to ensure a final thickness of 5 mm for the
boards produced. Boards produced were wrapped with polythene to
ensure easy removal from the moulds. The pre-press mat was a caul plate
made of iron. It was covered with polythene sheets to ease loading and
reduce the thickness before loading to the cold press. Polythene was also
utilized in covering the top of the moulds with the samples before the
metal plate was put in place. The set-up was taken to the hydraulic press
for cold pressing. Hydraulic pressure of 1:21 N/mm2 was exerted for 24
h. Afterwards, the demoulded boards were cured for 28 days in sealed
polythene bags to avoid loss of moisture. Circular saws were used to trim
the edges of the samples to guarantee a smooth board testing. The boards
were then cut into different specimen sizes and subjected to tests in
accordance with [24]. The Water Absorption (WA), Thickness Swelling
(TS), board density Modulus of Rupture (MOR) and Modulus of Elasticity
(MOE) of the boards were then determined.
2.2.2. Curing process
After pressing, the compressed mat was released, the boards were
demoulded and covered with polythene for 28 days in the laboratory to
Fig. 7. Effect of material combination on WA of particle board for 24 h.
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2.2.3. Testing of the board properties
The tests to which the boards were subjected are physical (density,
water absorption and thickness swelling) and mechanical (MOR and
MOE) tests. The boards were cut into 50 mm  50 mm  5 mm for
physical test and 140 mm  20 mm  5 mm for mechanical test.
2.2.3.1. Physical test.
a. Density:
The density of the samples was determined as specified by BS EN
12390–7:2019 [25]. Three sample specimens were cut out and their
weights were recorded with respect to their volume. Equation (2) [26]
was adopted for calculating the bulk densities of the samples.
Density ðg = cm3Þ¼Wa=Va (2)
where;
Wa ¼Air Dried Weight;Va ¼ Air Dried Volume5
b. Water Absorption (WA)
The Water Absorption of the samples was determined as specified by
BS 1881–122:2011 [27]. Three (3) specimen samples were cut out from
the board and their weights were recorded as initial weight (Wi) using a
weighing balance. Then, samples were weighed after been immersed in
water using a time frame of 2 h and 24 h (at room temperature) and the
weight of each specimen were recorded as final weight (Wf ). To get the






Wf ¼Final Weight of the Board;Wi ¼ Initial Weight of the Board
c. Thickness Swelling (TS)
The Thickness Swelling of the samples was determined as specified by
ASTM standards D1037-03 [29]. The samples produced were cut and
trimmed to 50 mm by 50 mm by 5 mm from the board. The initial
thickness of the samples, taken with a Vernier caliper, was recorded as
Fig. 8. Effect of material combination on TS after 2 h.
S.O. Odeyemi et al. Results in Engineering 6 (2020) 100126(Ti). The samples were then immersed in water for a period of 2 h and 24
h respectively and the thickness of each sample were recorded as final
thickness (Tf ). To get the percentage absorbed by each sample, Equation
(4) [12] was adopted for calculating water absorption of each sample.




Tf ¼Final Thickness of the Board; Ti ¼ Initial Thickness of the Board
2.2.3.2. Mechanical test. The samples were tested for Modulus of
Rupture (MOR) as specified by BS EN 12390–5:2000 [30] and Modulus
of Elasticity (MOE) as specified by BS EN 12390–13:2013 [31] using a
Testometric Tensile testing Machine (FS50AT) at the Mechanical Engi-
neering Laboratory, University of Ilorin. The samples were steadily
loaded until the failure point. The failure loads for each specimen was
recorded. Equations (5) and (6) [12] were used to determine the MOE
and MOR of the specimen respectively.
Modulus of Elasticity ðMOEÞ¼ 3 Pbp  L

12 Yp  bh
 (5)
where,6
Pbp ¼ load at the proportionality limit; L ¼ Span length in mm; b
¼ Width of the specimen in mm; h
¼ Thickness of the specimen in mm;Yp
¼ deflection corresponding to Pbp
Modulus of Rupture ðMORÞ¼ ð3 Pb  LÞ=ð4 bhÞ (6)
where
Pb ¼Maximum load; L ¼ Span length inðmmÞ; b
¼ Width of the specimen in mm; h
¼ Thickness of the specimen in mm
2.3. Optimization
The experimental setup was designed using Design Expert (Version
10), where an RSM in an Historical Data Design (HDD) was used to
optimize the Cement, Sawdust and Periwinkle shell. The HDD allows for
flexibility in importing data unlike other RSM design methods where the
combinations would have to be designed before proceeding to the lab-
oratory. Two independent variables (Cement, Sawdust and Periwinkle
shell) with 9 experimental runs for density, water absorption, thickness
swelling, MOE and MOR were considered.
Fig. 9. Effect of material combination on TS after 24 h.
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The results for the Density WA and TS after two (2) hours and four (4)
hours of testing are shown in Figs. 2 and 3 respectively. The MOE and
MOR results are presented in Fig. 4.
The values obtained from the laboratory tests were analyzed with
Design Expert 10.0.
3.1. Effect of composite materials on density, water absorption, thickness
swelling, MOE and MOR
3.1.1. Density
Sample B had the peak density value of 1766.40 kg/m3 and Board F
had the least density of 1281.10 kg/m3. The minimum density require-
ment by ISO 8335 [32] is 1000 kg/m3. The IS 14276 [33] recommends a
minimum density of 1250 kg/m3 while JIS.A.5908 [34] endorsed a
minimum density value of 800 kg/m3. All particle boards produced met
these recommended minimum standards. Fig. 5 shows the 3D relation-
ship between the Density (kg/m3), sawdust (%), cement (%) and peri-
winkle shell (%). The Figure reveals that as the percentage volume of
sawdust and periwinkle shell increases, the density of the board reduces.
However, the more the percentage volume of cement, the higher the
board density.7
3.1.2. Water absorption
Water absorption and thickness swelling reveals the dimensional
stability of the particle boards. Board F had the least water absorption
capacity with values of 2.12% and 2.98% at 2 hours and 24 hours
respectively while Board H has the peak value of 16.70% and 19.20% at 2
and 24 h respectively. The maximum recommended water absorption by
IS 14276 [33] is 13% for 2 hours and 25% for 24 hours. Water absorption
for all the particle boards produced are within these recommended
values. Fig. 6 and Fig. 7 show the 3D relationship between the water
absorption (WA), sawdust, cement and periwinkle shell for two (2) and
twenty-four (24) hours. The Figures show that with the increase in
sawdust (%) and cement (%) there was an increase in Water Absorption
but an increase in the quantity of periwinkle shell brought about a
reduction in the water absorption.
3.1.3. Thickness swelling
From the observation for thickness swelling at 2 hours, it was
discovered that boards E and G had the lowest thickness swelling while
board C has the highest. At 24 hours, board F has the maximum thickness
swelling and board B had the smallest thickness swelling. The American
National Standards Institute [35] stipulated that the maximum thickness
swelling is 8%. Thus, all the specimen tested fulfilled the thickness
swelling requirement. Fig. 8 and Fig. 9 show the 3D relationship between
the Thickness Swelling, sawdust, cement and periwinkle shell, for two (2)
and twenty-four (24) hours. It was observed that as the quantity of
Fig. 10. Effect of materials combination on MOR.
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However, the increase in the quantity of the Periwinkle shell reduces
Thickness Swelling at two (2) and twenty-four (24) hours.
3.1.4. Modulus of rupture (MOR)
Particle Board C had the peak MOR value of 3876.554 N/mm2 and
Board H had the least MOE of 1961.726 N/mm2. These values are above
the minimum standard of 3 N/mm2 specified by American National
Standards Institute [35] for general purpose particle boards. They are
also higher than the values reported by Atoyebi et al., Zhou et al., Ajayi
and Badejo, and Aladejana and Oluyege [1,36–38] for particle boards
produced from some other composite materials. Fig. 10 shows the 3D
relationship between the MOR, sawdust, cement and periwinkle shell. It
was noticed that increase in the quantity of sawdust and periwinkle shell
resulted in the lowering of the MOR while the upsurge in the quantity of
cement produced an increase of MOR.
3.1.5. Modulus of elasticity (MOE)
The Particle board E had the maximum MOE value of 2364.928 N/
mm2 while board G had the least MOE of 299.812 N/mm2 [5,12,35].
reported that the minimum allowable MOE for particle boards is 550
N/mm2. Particle boards F, G, H, and I fall below this standard. Fig. 11
shows the 3D relationship between the Modulus of Elasticity and the
composite materials used. It was observed that with the increase in the
percentage of sawdust and periwinkle shell there was a reduction in
Modulus of Elasticity (N/mm2). However, increase in the quantity of8
cement produced an increase in MOE.
3.2. Optimization
In optimizing the material combination, the design was to maximize
the density, MOE and MOR while minimizing the water absorption &
thickness swelling. The material quantities were kept in range of 25%–
40% for cement, 25%–50% for sawdust and 25%–50% for periwinkle
shell. The optimal result shows that at 40% Cement, 27% Sawdust and
33% Periwinkle shell, the Density ¼ 1644.87 kg/m3, Water absorption¼
4.58, Thickness swelling ¼ 1.5, MOR ¼ 3060.38 N/mm2 and MOE ¼
1805 N/mm2. These values are within the recommended values by ISO
8335, IS 14276, JIS.A.5908 and American National Standards Institute
[32–35]. This result has a combined desirability value of 0.68 as shown
in Fig. 12.
3.3. Result validation
The relationship between the experimental and predicted values of
the density, water absorption and thickness swelling are shown in
Fig. 13, Fig. 14 and Fig. 15. The adequate precision values higher than
4.0 in the experiments signify a reasonable signal to noise level, denoting
that their models can be relied upon to navigate the design space. This
validates the results obtained.
Fig. 11. Effect of material combination on MOE.
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The samples were subjected to SEM analysis to determine the internal
microstructure of the boards and the results of the analysis are presented
in Fig. 16. In the Figure, Cement is designated as ‘C’, Sawdust as ‘S’, while
Periwinkle shell is designated as ‘P’.
Samples A, B and C show good bonding amongst the particleboard
constituent materials, an indication of very high adhesive force in the
composite materials. If the boards are subjected to loads, such loads will
be distributed to the materials evenly and will be able to repel the loads.
The concentration of cement matrix at some regions in Sample B is as a
result of inhomogeneous mixing of the composite materials which re-
duces the intermediate properties of the sample in those regions. Also,
the appearance of dot-like spots in Sample C is a result of unsmooth
finishes which could promote the formation of cracks in the sample.
Sample D shows that the increase in the sawdust residues resulted in
the increase in toughness of the sample, but the crack in the sample set in
as a result of insufficient of cement matrix to bind all the composite9
materials together. Sample E shows a lot of void within the composite
materials which serve as point of failure being the result of reduction in
the binding agent to promote the intermediate properties of the com-
posite. Sample F reveal that the adhesive force between the particles of
the composite is low as a result of increase in fraction of sawdust residues
to cement matrix which will make the sample to fail under heavy load.
Sample G, H and I indicate poor structural properties, freely existing
sawdust residues which serve as point of discontinuity and promote the
formation of void in the samples promoting its inability to bear loads as
the composite materials were not well bonded together.
Thus, it was observed that the boards with the higher percentage of
cement were more compact than those with less percentage of cement.
There is a good fibre matrix adhesion at mix ratio of 1:1.5 (cement/
wastes). At lower fraction of cement matrix to waste ratio, the cement
bonded particle board lost its adhesive force. This validates the outcome
of the physical tests carried out on the samples.
Fig. 14. Predicted WA versus experimental WA.
Fig. 12. Desirability value for optimum combination of cement, sawdust and
periwinkle shell in particle board.
Fig. 13. Predicted density versus experimental density.
Fig. 15. Predicted TS versus experimental TS.
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The properties of cement bonded particle boards produced for African
balsam tree (populous balsamiferous) sawdust and periwinkle shell residue
was determined using Design Expert 10.0 by varying the composition of
cement, sawdust, and periwinkle shell. The following conclusions were
drawn at the end of the research:
1. Sample B, with 40% Cement, 30% Sawdust and 30% Periwinkle shell,
had the peak density value of 1766.40 kg/m3 and Sample F with 30%
Cement, 45% Sawdust, 25% Periwinkle shell, had the least density of
1281.10 kg/m3. Thus, an increase in the quantity of Periwinkle shell
and cement increases the density while the quantity of sawdust has no
influence on the density of cement bonded particle boards.
2. Sample F with 30% Cement, 45% Sawdust, 25% Periwinkle shell, had
the least water absorption capacity with values of 2.12% and 2.98% at
2 and 24 hours respectively while Sample H, with 25% Cement, 50%
Sawdust and 25% Periwinkle shell, has the peak value of 16.70% and
19.20% at 2 and 24 hours respectively. Hence, a reduction in the
quantity of cement and increase in the quantity of sawdust both in-
creases the Water Absorption & Thickness Swelling of the samples
while the quantity of Periwinkle shell has no effect on the WA and TS
of cement bonded particle board.103. An increase in the quantity of cement resulted to an increase in the
MOE and MOR of the samples while the quantity of the Periwinkle
shell and sawdust has no effect on these properties for cement bonded
particle board.
4. The optimum combination of the materials is 40% Cement, 27%
Sawdust and 33% Periwinkle shell. This combination gave a particle
board with a Density of 1644.87 kg/m3, Water absorption of 4.58,
Thickness swelling of 1.5, MOR of 3060.38 N/mm2 and MOE of 1805
N/mm2.
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